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Abstract
Time-history deformation analyses of upstream-raised tailings dams use
seismic records as input data. Such records must be representative of the
in-situ seismicity in terms of a wide range of intensity measures (IMs)
including PGA, Arias intensity, cumulative absolute velocity, source-to-site
distance, duration, and others. No single IM is a sufficient descriptor of
seismic demand because different records, all of them compliant with any IM,
can produce a very wide range of results from negligible damage to global
failure. The use of brute-force, where hundreds of seismic records compliant
with a set of IMs is employed, has proven to be a reasonable workaround of
this limitation, at least able to produce a probabilistic density function (PDF)
of demand indicators like crest settlement of the dam or slope deformation.
This procedure, however, requires a large number of numerical models to be
run, and is therefore expensive and time-consuming. Brute-force analyses can
be optimized if an a-priori simple tool is used to predict which seismic records
would yield a given demand, thus obtaining an estimate of the PDF of any
demand indicator with many less runs. In this study, a new semi-analytical
procedure for evaluating the seismic demand imposed by a given seismic
record on a tailings dam is proposed. The procedure employs the spectral
properties of the record filtered by those of the dam. Applications to dams
under strong earthquakes are presented and validated using numerical
approaches that show the robustness of the method by proving insensitivity to
constitutive models and mesh-independence. The proposed procedure is able
to produce an a-priori estimate of the damage potential of a given seismic
record, thus reducing the number of runs required to produce a realistic
deformation analysis of tailings dams subjected to earthquakes and a robust
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estimate of the PDF of any given indicator of the seismic demand of the dam.
Keywords: Dynamic, Liquefaction, Tailing dams, Correlations, Time-history
analysis
1. Introduction
Tailings are man-made materials created from mine-rock crushing, generally
deposited as a viscous mixture into storage facilities (TSFs). The lack of post-
deposition compaction and the electrical interaction among the finer particles
entail loose states, which can be locked by early diagenesis cementation after
placement [4]. The storage facility construction method can be downstream,
centerline or upstream type; named after the crest movement direction during
the raise. The latter is highly attractive from the economical point of view as
it minimizes the construction volumes; however, they are the most unsafe and
with the most failure frequency, as stability largely relies on the strength of the
tailings. Recent upstream-raised TSFs massive failures (such as Merriespruit,
Mount Polley, Samarco and Brumadinho [32]) have depicted their vulnerability
against liquefaction, having this kind of geotechnical structures an annual failure
probability five to ten times larger than hydroelectric dams [9].
According to Ref. [30], liquefaction phenomenon is one of the main causes
of tailings dams failures, where dynamic liquefaction represents around 15% of
the cases. Liquefaction occurs when loose water-saturated tailings undergo an
increase of pore pressure and loss of strength due to undrained shearing or by
internal fabric collapse. In the context of the static liquefaction, due to the
difficulty of analyzing failure triggering events, updated international
guidelines [1] recommend to conservatively assume that event will occur for
brittle/contractive near-saturated tailings. Thus, current design practice
involves limit equilibrium (LE) analyses adopting fully-softened shear
strengths; while safe, this simplistic approach makes no allowance for the
amount of strain required for the material to start a strain-softening process
leading to progressive failure, which is acceptable for designing new TSFs but
fails short in assessing the risk posed by existing TSFs, both operating and
abandoned.
The scenario for dynamic liquefaction is totally different as dam codes
recommends static calculations for this assessment, considering post-seismic
strength in contractive saturated tailing, avoiding the inertia effects produced
by an earthquake excitation. In this sense, numerical deformation analyses
become imperative to better understand the dynamic liquefaction
vulnerability and to warranty that the designed freeboards are adequate.
One of the crucial aspects to perform dynamic liquefaction assessments
relies in the selection of a proper and most representative small subset of
seismic records from a usually huge data-base. During the developing of
earthquake engineering, extensive ground motion intensity parameters have
been proposed to characterize the destructive potential of a record: peak
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ground velocity (PGV) and peak ground acceleration (PGA), the most
widespread but limited intensity magnitudes [12]; Arias intensity, proportional
to the total energy content of the signal [2]; modified cumulative absolute
velocity, being the integral of the acceleration after application of a 5 cm/s2
acceleration threshold [25]; a normalized hysteretic energy, an empirical
relation between dissipated shear energy and residual excess pore pressure
ratio [13], among many others proposals.
In the context of liquefiable soils, new approaches has been studied and
discussed in recently published papers. Kramer et al. [23] reviews procedures
to detect the time of liquefaction triggering, comparing their performance with
empirical methods. The research is focused on signal analysis using short term
Fourier transform (STFT), spectrograms, wavelets transforms and Stockwell
spectrum procedures, showing that the mean frequency content tends to reduce
in signals recorded above a liquefied stratum [24, 26, 40].
Motivated by its simplistic and computationally efficient model, other
researchers have used the Newmark’s model [28], to predict land-slides in
slopes under shaking, adopting empirical modifications of the Arias intensity
to characterize the excitation [8]. The combination between the Newmark
model, as a displacement estimator, and the Arias intensity has become,
maybe, the most popular procedure for hazard analysis in geotechnics
[19, 20, 3, 31, 10].
Due to the improvement of computers capacity, in recent years several
contributions have replaced analytical models of mechanical simulations with
numerical ones, mainly based on the finite element method. Ref. [27] has
attend the problem of tailing dam stability subjected to dynamic loads,
putting efforts to detect resonance points by means of transfer functions
[33, 16]. Jin et al. [21] have proposed a theoretical framework of mudslides
based on experimental and numerical models, pointing out that instability
mechanism of the tailings reservoir under seismic load are somehow the same
compared with results in bibliography, relating a proper design of a tailing
dam to the seismic site condition rather than its constructive procedure. Its is
worth to note that computational models, because on their versatility, is the
standard to perform forensic studies over real dam-breaks, and some
remarkable works are recommended [17, 39, 38, 36].
Despite all reached advances in this sense, the geotechnical industry and,
particularly, the tailing engineering, is still using correlations of engineering
demand parameters with classical intensity indicator, which usually lead to
highly scattered results [14]. This paper presents a novel and innovative
intensity measure for seismic record selection, stated as a generalization of
classical intensity measures such as the Arias Intensity (AI), based on signal
spectral properties. The proposal is validated using classical/analytical models
and dynamic numerical methods to show its correlation with the induced
damage measured as the maximum displacement during the time-history. For
the numerical modelling, the PM4Sand model proposed in Ref. [6] and [41], is
used in order to simulate the pore pressure increase of tailings under cyclic
loads, while the considered analytical model is the well-known Newmark
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model. Several seismic records are evaluated comparing our proposed intensity
magnitude with the classical, showing the improvement in resulting
correlations and the novelty of our approach to select seismic records known
a-priori, which are will be the most dangerous.
The paper is organized as follows: Some details and technical aspects
regarding the considered tailing dam and its composition are provided in
Section 2. In Section 3 the constitutive model PM4S, used for liquefaction
assessment, is calibrated from laboratory and field tests. In Section 4, the
proposed methodology to an a-priori estimation of seismic liquefaction
potential is presented. Numerical results related to deformation and damage
induced by pore pressure accumulation and correlations with classical and
proposed liquefaction indicators are presented and discussed in Section 5,
where the predictive capability and efficiency of our approach is tested.
Finally some conclusions and outlooks are drawn in Section 6.
2. Upstream tailing dam analized
2.1. Brief description
The considered TSF facility is located in a high seismicity area where, in a
first stage, a 30-35 m height upstream-raised facility was built by discharging
tailings from the crest of two rock-fill starter dams and then raised using
deposited beach tailings to form a slope profile. Several decades later, the TSF
was improved and brought back to operation, and continues to be raised with
an upstream construction method, reaching a height of 60-65 m. An additional
tailings volume of approximately 3.4 Mm3, producing an rise of 10-15 m, is
expected to be deposited in the following years. The facility consists mainly of
a starter dam, aligned across a valley some 750 m apart; embankment raises
forming a 3H:1V slope; sandy silt/silty sand predominantly contractive
tailings; vertical drains installed in the slope; and a reinforcement buttress
built at the toe.
Figure 1: Geological units presented in the TSF.
The tailings have shown to be predominantly contractive, based on
interpretation of CPTu testing; in addition, the facility is built in a high
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seismicity area; thus, the combination of these two aspects results in a high
liquefaction risk, should tailings be both contractive and saturated. An
schematic cross section of the TSF in its final configuration is presented in
Figure 1.
2.2. Numerical Modelling details
Several models has been carried out in order to estimate and quantify the
TSF damage, fitting constitutive models and material parameters using
laboratory and field test. In this section, a brief description of the general
layout of developed numerical models is presented.
2.2.1. Dynamic boundary conditions
Far field boundary conditions are used at the left and right ends of the model.
At the bottom, a compliant base boundary condition is employed, and horizontal
accelerations-time signals are inputs used for the dynamic modeling. According
to the standard procedure for compliant bases, the input signal employed had
50% of the acceleration of the recorded seismic record, to account for the fact
that recorded signal is generated by the outcrop motion and composed by the
summation of an upward incoming and downward reflected waves. No vertical
accelerations are considered in this study.
2.2.2. Rayleigh coefficients
To determine the Rayleigh damping coefficients, the fundamental frequency
of the tailings material is computed, as:
f1 =
Vs,av
4H
, (1)
where vs,av is the average velocity of the soil unit and H is the height of the
TSF. Considering a vertical cross-section on the tailings, at 150m from the crest
with a height of 72m to the mid-height, the confining pressure to calculate the
average velocity is 200kPa. The small strain stiffness can be estimated as:
G0 = G0ref
(
p
pref
)m
= 45 [MPa]
(
200 [kPa]
100 [kPa]
)0.75
= 75 [MPa] , (2)
which translates into an average shear wave velocity of vs,av = 203m/sec;
therefore, the natural frequency of the far-field tailings is approximately 0.70Hz.
If the same calculation is done for a cross-section below the final crest: the height
is 74m and the average mean pressure is 430kPa; which leads to the fundamental
frequency of approximately 0.90Hz. Therefore, the expected range of tailings
first mode natural frequency is from 0.70 to 0.90Hz. If the same simplified
calculation is done for the buttress, the first mode natural frequency is estimated
to be approximately 2.5Hz, considering a height of 20m and an average shear
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wave velocity of 200m/sec. Following [15], an upper bound target frequency
should be defined as:
f2 =
ffund
f1
, (3)
where ffund is the fundamental frequency of the signal. For this dynamic
analysis, twenty-five signals are used; therefore, a representative value of 4Hz
is adopted for practical purposes. Then, the upper bound target frequency is
5Hz, when average tailings first mode natural frequency of 0.80Hz is
considered. The chosen values for the Rayleigh coefficient α and β are 0.04189
and 0.00212 respectively, such that: the damping is 1% between 0.4 and 1 Hz,
in correspondence to the tailings first mode; the damping ranges from 1 2 %
for frequencies between 1 and 3 Hz, in correspondence to the buttress
estimated first mode; and the damping ranges from 2 3 % for frequencies
between 3 and 5 Hz, in correspondence to the estimated upper bound.
2.2.3. Model set-up
Figure 2 shows the construction procedure simulated in the presented
numerical models. The dynamic modeling stages start from the TSF final
configuration, where for the construction simulation a Hardening Soil Small
model is used due to the fact that PM4Sand usually fails to simulate static
scenarios. In addition, a good estimation of the effective pressure prior the
dynamic simulation must be performed in order to estimate accurately the
relative density Dr needed to calibrate PM4Sand. After reaching the final
elevation, full consolidation of excess pore pressures is allowed, and tailings
material is subsequently changed from HSS to PM4Sand following the
procedure described below:
the average mean effective stress is obtained as an output for different
portions of the tailing material;
the state parameter ψ is determined following the procedure presented in
[35];
the corresponding relative density is estimated based on the average mean
effective pressure and state parameter for each soil zone, following the
calibrated Critical State Line and the state parameter contours.
Each tailing cluster ends up with the calibrated PM4Sand parameters,
presented in the following section, with exception of the relative density which
is computed as a function of the average mean effective pressure at the end of
construction and the average expected state parameter. For sake of brevity,
the rest of the geotechnical units will be not discussed in this paper due to its
redundancy for purposes of this new correlation.
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Figure 2: Simulation of dam raise.
3. Constitutive model calibration for tailings
The PM4Sand constitutive model proposed by Ref. [41] is selected to
simulate the material behaviour in seismic loading and perform dynamic
liquefaction assessments, calibrating model parameters from lab and field tests.
Tailings samples recovery for lab tests was done by means of Mostap
equipment, with locations adjacent to some CPT soundings. The laboratory
testing was done on tailings reconstituted samples, considering that they
might have been disturbed by sampling/handling/transportation/extrusion
process; this hypothesis is completely valid for this type of tailings.
General material characterization tests were performed on reconstituted
tailings samples, including: specific gravity, minimum and maximum dry
density, and particle size distribution. Samples has a composition of 40 % to
7
77 % of Sand, 19 % to 50 % Silt and 4 % to 10 % of Clay size particles; the
minimum and maximum dry densities are 1.24 to 1.32 t/m3 and 2.14 to 2.27
t/m3, respectively; and the specific gravity is 2.75 to 2.79; this results in a
minimum and maximum void ratio of 0.23-0.29 and 1.11-1.22, respectively.
Two Cyclic Direct Simple Shear test (CDSS) are used for our dynamic
characterization. The first has been performed at an initial vertical effective
stress of σ′v = 200 kPa and an initial void ratio e0 = 0.642; considering a value
of K0 = 0.65, the initial mean effective stress is approximately p
′ ∼= 150 kPa.
Using a Cyclic Stress Ratio CSR=0.12, 30 cycles were needed to achieve
failure. The second has been performed at an initial vertical effective stress of
σ′v = 200 kPa and an initial void ratio e0 = 0.523, which entails a similar
initial mean effective stress to the former test, but it corresponds to an even
denser state of the material. Using a CSR=0.12, 69 cycles were needed to
achieve failure, which is more than double than for the first.
To calibrate the initial relative density, the state parameter proposed by [5]
and modified in [34] is applied to assess the tendency of granular materials to
contract or dilate based on the current p′ − e state and its distance to the
Critical State Line (CSL); it is defined as the difference between the current
void ratio and the void ratio at critical state for the current mean effective
stress, i.e. ψ0 = e0 − ec. Correlations and methods have been developed and
used to estimate state parameter from CPTu measurements
ψ = f [Qp, Bqk,m]; however, the adjustment of k and m coefficients were
mainly elaborated for sand-like materials, and might not be fully
representative of silt-like tailings. Comparisons with laboratory results of
different CSLs for both, NorSand and PM4Sand, are presented in Figure 3(a)
in terms of relative density Dr and effective pressure p
′ and Figure 3(b) in
terms of void ratio e and the effective pressure. It can be seen that the best fit
of the state parameter with the laboratory test is obtained for Γ ∼= 1. For
further details in this regards, the reader is referred to read [35], where the
spatial distribution obtained with this methodology is presented in Figure 4.
The CSL is computed as
eCSL = Γ− λ10 · log p′, (4)
considering parameters presented in Table 1.
Table 1: Critical state line parameters.
Sample Γ λ10 emin emax
CS Data N◦1 1.02 0.170 0.285 1.218
CS Data N◦2 1.12 0.175 0.229 1.114
Average 1.07 0.172 0.257 1.166
The relative density can be computed by means of the state parameter ψ as
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follows
Dr =
emax − (eCSL + ψ)
emax − emin , (5)
where the void ratio in the critical state line eCSL is computed considering the
effective pressure p′ obtained at the end of the dam raising, after consolidation.
Using the state parameters distributions presented in Figure 4, the resulting
distribution of relative densities used as an input in our PM4Sand model is
presented in Figure 5.
Figure 4: Distribution of the state parameter ψ within the dam.
Figure 5: Distribution of relative density Dr considered in seismic simulations.
In order to validate our calibrations, comparisons with two cyclic direct
shear test are presented in Figure 6, where a reasonably good fitting is
obtained with the proposed model. In Table 2 are summarized all parameters
for Hardening soil small used for the dam raise, and in Table 3 PM4Sand’s
parameters used for the dynamic liquefaction analysis. For sake of brevity, the
discussion about the HSsmall calibration will be avoided and left to be
discussed in future contributions.
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Table 2: HSsmall parameters for tailing raise used in numerical simulations.
Unit HSsmall
γsat kN/m
3 18.0
φ′ ◦ 32
c′ kPa 0
ψ ◦ 0
Gref0 MPa 45
γ0.7 - 10
−4
Erefur MPa 60
Eref50 MPa 5
Erefoed MPa 9
m - 0.75
νur - 0.20
OCR - 1.00
Knc0 - 0.50
Table 3: PM4Sand parameters for tailings used in dynamic liquefaction numerical simulations.
Unit Parameters
γsat kN/m
3 18.0
G0 - 450
hp0 - 0.75
pref kPa 103
emax - 1.166
emin - 0.257
nb - 0.50
nd - 0.10
φ′cv
◦ 32
ν - 0.20
Q - 11.8
R - 3.4
k 10−7 m/s 1
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4. A-priori liquefaction risk estimate of a seismic record database
This section represents the core of the paper where, first, the proposed
intensity measure is described and mathematically defined and then,
calculations are performed to a set of seismic signals obtaining the power
spectral based intensity measure for each earthquake.
4.1. Definition of an intensity measure based on spectral power
Calculations to obtain the spectral power content of a seismic signal are
based on the Fast Fourier Transform (FFT), an efficient implementation of
the discrete Fourier transform (DFT). This paper will be stated considering a
discrete space avoiding algorithm issues, in order to explain clearly the physical
aspects.
Let {an} = a0, a1, ..., aN−1 be a finite set of N elements uniformly spaced
of time-history accelerations, the DFT is defined by means of Euler’s formula:
F {an} (k) = {Ak} =
N−1∑
n=0
an · e−i2pik nN
=
N−1∑
n=0
an ·
[
cos
(
2pi
N
kn
)
+ i · sin
(
2pi
N
kn
)]
,
(6)
where {Ak} is a set of complex vectors which represents the amplitude and
phase of a complex sinusoidal component and k an integer representing the
frequency domain.
The power spectrum density in terms of the frequency is defined as
Sxx (k) = ‖F {an} (k) ‖2, (7)
while the total spectral power of the signal is expresed as
P0−∞ =
∞∑
k=0
Sxx (k) ∆k, (8)
with ∆k the frequency sampling. In this paper, the seismic intensity measure
used is the spectral power expressed in equation (8), where the final frequency
considered for our calculations is the limit of power accumulation i.e., P0−XHz
is the accumulated power between the frequencies 0 to XHz. It is worth to note
that, due to Parseval’s Theorem
N−1∑
n=0
‖an‖2 =
∞∑
k=0
‖F (k) ‖2, (9)
which means that, when the considered power spectrum is computed
considering all the frequency domain, the intensity measure expressed in terms
of the spectral decomposition tends to represents the same quantity
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represented by classical intensity measures, based on the integration of the
seismic signal such as the Arias intensity. In this way, our proposal is stated as
a generalization of these classical intensity measures.
Finally, the spectrogram expressing a signal decomposition in terms of time,
frequency and spectral power, is plotted in terms of the spectral power expressed
in decibels dB, computed as
PdB = 10 log10
(
P
Pr
)
, (10)
where P is the computed spectral power and Pr = 10
1.5 is a reference power.
The reference power behaves like a simple shift in the accumulated power and
does not modify the proposed correlation.
4.2. Analysis of selected seismic records
In order to evaluate the liquefaction risk of the tailing dam, a set of 25
seismic records are selected based on the 50th percentile of the 7500-year event,
for which a peak ground acceleration (PGA) of 0.78 g is expected. Their main
characteristics are summarized in Table 4 and the signals are included in Figure
A.19, where a Hamming window is used for the calculations. Among the 25
seismic records employed, there are 20 that correspond to seismographs located
on dense soil/soft rock (NEHRP site class C); two (records 3 and 8) belong to
firm/hard rock (NEHRP site class B), and three (records 4, 7 and 23) belong
to stiff soils (NEHRP site class D). For each seismic record, the acceleration-
time signal and spectrogram, is computed by using short-time fourier transform
[29] and presented in Figure A.19. Our new intensity measure is included in
the table together with classical intensity measures like arias intensity (AI),
Cumulative Accelerate Value (CAV) and Cumulative Accelerate Value above
0.05g (CAV5), accumulating the spectral power between 0Hz and 2Hz, and
expressed in relative terms, i.e. the argument of the logarithm, as was explained
in equation (10).
Figure 7 (a) plots the cumulative spectral power of considered seismic signals.
It can be seen that some of the signal have more power accumulated at low
frequencies and, while the frequency windows increases, others increases their
spectral power for high frequencies. The curves has been ordered such that,
those with higher spectral power in low frequencies are plotted in red colors,
while those with less power are printed in blue. In this sense, seismic records
number 8, 4, 19 and 7 are those with more power from 0 to 2 Hz, while 18, 3, 6
and 1 are the ones with less. Another way to express these results is presented
in Figure 7 (b) where a mobile Hamming window with 2Hz width is used. It can
be seen that some signals like number 9 has its power accumulated in medium
frequencies, while its content for low and high is relatively low and, others like
number 8, has its major proportion spectral power in the low band, while in
medium and high is progressively negligible.
In the following section, it will be demonstrated that the destructive
potential of a seismic records in tailing dams is strictly related with the
spectral power content at low frequencies.
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As was explained in equation (9), the power-spectral approach is a
generalization of classical seismic intensity measures, performing a filtering of
the power in certain frequencies that just brings scatter in correlations. It will
be shown that these spurious powers in the case of dams and tailings are those
at low and medium-low frequencies (less than 5Hz). Figure 8 shows the
comparisons AI in Fig. 8 (a) and (b), showing that Parseval’s theorem is
accomplished. Fig. 8 (c) to (f) shows CAV and CAV5 with cumulative
spectral power within different ranges of frequencies. When the band
frequency is narrow, i.e. up to 2.0 Hz, a considerable scatter is between the
intensity measures in all cases but, as the frequency band becomes wider, the
accumulated spectral power tends to represents AI, CAV and CAV5 obtaining
a perfect fitting in all cases between intensity measures. It is worth to note
that, for some records like 21 or 24, the filtering produced by the intensity
measure’s definition for CAV and CAV5, does not represents a straight
energetic generalization.
5. Numerical results
Several results are presented in this section in order to validate the
power-spectral based intensity parameter. Three approaches has been selected
to quantify the damage level: the well-known Newmark displacement model
used to obtain rough estimations of displacements in dams under earthquake
excitation, the finite element numerical model using a constitutive model in
tailing to take into account the dynamic liquefaction of these geothecnical
structures under cyclic load, and an extra set of models to validate the
proposed approach with one of the most constitutive models used in industry
i.e. Hardening Soil Small.
5.1. Correlation using a classical Newmark model
First, the proposed intensity measure is contrasted with the Newmark
displacement [28] for being a popular damage indicator in bibliography
[11, 37, 22, 7]. Parameters presented in Table 2 have been used to obtain the
displacements in all cases.
Results are plotted, comparing Newmark displacement with Arias Intensity
in Fig. 9 (a), CAV in Fig. 9 (b), CAV5 in Fig. 9 (c), cumulative spectral power
between 0 and 1.0 Hz P0−1.0Hz in Fig.9 (d), P0−2.0Hz in Fig. 9 (e) and finally
P0−5.0Hz in Fig. 9 (f).
With classical intensity measures, a R2 = 0.60 is obtained for the best case
(AI) in the linear regression with the maximum time-history displacement, being
a poor strategy to know a-priori the most devastating seismic record for the
considered structure. Results improves considerably for the proposed intensity
measure, where the fitting arises to R2 = 0.81 when the spectral power is
accumulated between 0 and 5.0 Hz, suggesting that the most dangerous power
contents are placed in low and medium to low frequencies.
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(a) Arias intensity versus spectral power
between 0 and 2.0 Hz
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(b) Arias intensity versus spectral power
between 0 and 15.0 Hz
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(c) Cumulative Absolute Velocity versus
spectral power between 0 and 2.0 Hz
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(d) Cumulative Absolute Velocity versus
spectral power between 0 and 15.0 Hz
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(e) Cumulative Absolute Velocity above
0.05g versus spectral power between 0 and
2.0 Hz
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(f) Cumulative Absolute Velocity above
0.05g versus spectral power between 0 and
15.0 Hz
Figure 8: Comparisons of the proposed intensity measure based on spectral power and classical
measures.
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Cumulative Absolute Velocity.
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(d) Newmark displacement versus
spectral power between 0 and 1.0 Hz.
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(e) Newmark displacement versus
spectral power between 0 and 2.0 Hz.
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(f) Newmark displacement versus
spectral power between 0 and 5.0 Hz.
Figure 9: Newmark displacement compared with classical and the proposed intensity measure.
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Figure 10: Selected point to measure the displacements in the buttress.
5.2. Correlation using numerical simulation with PM4Sand
Several finite element simulations have been carried out using the described
calibration of PM4Sand, using as input signal all seismic records presented in
previous section. Two points where selected to quantify the damage induced by
the earthquake, one in the crest and one in the base or toe of the buttress (see
Figure 10).
Figure 11 shows the map displacement of the tailing dam in its buttress zone
for each considered seismic record. The results have been ordered by those with
small (SD), moderate (MD) and large displacements (LD). The results show
that in some cases like records 1 to 3, damage is negligible with displacements
concentrated over the edge of the buttress. Results obtained for records 4, 8, 16,
19, 21 among others, demonstrate a considerable damage with a huge portion
of tailings sliding down due to the liquefaction.
Figure 17 (a) to (c) shows the time history of the base displacements, while
Figure 17 (d) to (f) shows the time history for the crest point. When results
are analysed in this sense, it seems like there is no relation, obtaining a great
scatter between all simulations. The results varies from 0.1 to 4.0 meters for
the base point, while values ranging from 0.2 to 8.0 meters have been obtained
for the crest displacement.
Some attention must be given to the results of seismic records N◦9 and N◦4
to show the novelty of the method. Figure 13 shows the spectrograms of the
afforementioned signals, where the corresponding to N◦9 shows that majority of
its power is concentrated in high frequencies, while the spectrogram for record
N◦4 shows exactly the opposite, with most of the energy in low frequencies.
If those cases are sorted by the arias intensity to predict its demand on
the dam, the record N◦9 would be the most dangerous but, as it can be seen in
Figure 14, the most critical for the structure is N◦4. This phenomenon is clearly
interpreted by the intensity measure expressed in terms of the power spectrum,
being the power concentrated in low frequencies higher in one case compared to
the other and, consequently, a larger damage is induced.
Figure 15 shows the maximum time-history displacement obtained in
previous simulations and different seismic intensity measures. Similarly to the
20
Figure 11: Map of displacements obtained for each considered seismic record.
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(d) Small displacements - Crest point
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(e) Moderate displacements - Crest point
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(f) Large displacements - Crest point
Figure 12: Displacements history for base and crest point.
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(a) Record N◦9 with AI = 12444 and P0−2Hz/Pr = 28378.75.
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(b) Record N◦4 with AI = 9057 and P0−2Hz/Pr = 135265.10.
Figure 13: Three seismic signals inducing different damage levels.
(a) Local failure for seismic record N◦9. (b) Global failure for seismic record N◦4.
Figure 14: Displacement maps obtained for seismic records presented in Figure 13.
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results obtained for the Newmark case, poor results are obtained in the
comparisons with classical intensity measures where the best fit is the one with
the AI, with a R2 = 0.07 in Figure 15 (a), while for CAV and CAV5 in Fig. 15
(b) and (c) respectively, the correlation is even worst. The spectral power
intensity measure presented in Fig. 15 (d) shows an accurate fitting with a
R2 = 0.95 when low frequencies are considered, i.e. accumulated spectral
power between 0 and 2.0 Hz P0−2.0Hz. When the frequency band becomes
wider, the scatter increases obtaining a similar pattern than the one obtained
for the AI (Fig. 15 (e)).
5.3. Correlation using numerical simulation with Hardening Soil Small
A new set of finite element models have been performed by considering
the most used constitutive model in the industry, the Hardening Soil Model
(HSsmall) in order to assess the proposal from another point of view. The same
parameters used for the dam raising have been used in this case, and the same
seismic records are considered.
Figure 16 shows the results of the considered seismic intensity measures,
compared with the crest displacement obtained for the present case. Similarly
to the PM4Sand case, the correlation obtained for classical intensity measures
are rather poor. The best fit is also obtained by the AI with a R2 = 0.19 in
Fig. 16 (a), much better than the previous case. Results for CAV and CAV5
are presented in Fig. 16(b) and (c) respectively. When the spectral power is
considered the correlation becomes much better, although with a lower R2 than
the one obtained when the PM4Sand model is considered. For our proposal,
the best fit is obtained when the spectral power is accumulated between 0 and
2.5Hz, where the R2 = 0.86 as shown in Fig. 16 (e), obtaining the same
conclusion where low and medium-low frequencies are the most dangerous and
the ones that provokes the dam failure.
When maximum time-history base displacements are compared with the
intensity measures, similar results are obtained. Figure 17 (a) to (c) show these
displacement compared with AI, CAV and CAV5 respectively, showing a best
fitting for the AI with an R2 = 0.22. Figure 17 (d) shows the results comparing
with the spectral power between 0 and 2.5 Hz, obtaining a highly accurate
correlation.
6. Conclusions
The dynamic numerical analyses show that the type of failure and its
associated residual displacements are highly dependent on the power of the
earthquakes at low and medium-low frequencies. While all of the 25 ground
motions employed have the energy and acceleration of a Maximum Design
Earthquake, only 8 of them induce a global failure and 17 entail no failure or
local failure with minor damages to the considered tailing dam when
PM4Sand model is considered in the calculations. For the 17 no-failure
scenarios, the increment in displacements is negligible, and for the 8 ground
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(b) Crest displacements versus
Cumulative Absolute Velocity.
0 1 2 3 4 5 6 7
CAV5 [mm/sec] 104
0
1
2
3
4
5
6
7
8
cr
e
st
 m
ax
im
um
 d
isp
la
ce
m
en
t [m
]
Correlation between crest maximum displacement and CAV5
1
2
3
4
5
6
7
8
9
10
11
12
1314
15
16
17 18
19
20
21
2223
24
25
R2 = 0.053844
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Cumulative Absolute Velocity above
0.05g.
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between 0 and 2.0 Hz.
(e) Crest displacements versus power
between 0 and 15.0 Hz.
Figure 15: Crest displacements obtained with the PM4Sand model compared with classical
and the proposed intensity measure.
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(d) Crest displacements versus power
between 0 and 1.0 Hz.
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(e) Crest displacements versus power
between 0 and 2.5 Hz.
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(f) Crest displacements versus power
between 0 and 15.0 Hz.
Figure 16: Crest displacements obtained with the Hardening Soil Small (HSsmall) model
compared with classical and the proposed intensity measure.
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Intensity.
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Cumulative Absolute Velocity.
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(c) Base displacements versus Cumulative
Absolute Velocity above 0.05g.
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(d) Base displacements versus power
between 0 and 2.5 Hz.
Figure 17: Base displacements obtained with the Hardening Soil Small model compared with
classical and the proposed intensity measure.
motions inducing failure, the difference is small. It must be noted that from
the 8 records that induce significant displacements, two were recorded on stiff
soil, which might be overly conservative for this site.
It has been shown that the proposed method for seismic selection based on
the spectral power content has a good correlation with both, numerical and
analytical models, being a generalization of other classical and well-known
intensity parameter such as Arias Intensity, Cumulative Absolute Velocity and
Cumulative Absolute Velocity above 0.05g. Our results demonstrates that the
key aspect to take into account is the filtering of spectral power in the
frequency band which are in resonance with the structures. When the classical
Newmark model is considered to calculate the maximum failure displacement
of the dam, a reasonable correlation in obtained for spectral powers within the
0 to 5 Hz range, with a R2 = 0.81. Even for the worst results, the proposal is
still are a really accurate correlation.
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The best correlations have been obtained with the numerical models. Two
scenarios have been considered, the first where a constitutive model to capture
dynamic liquefaction (PM4Sand) is used, and the second where the same
constitutive model used to raise the dam (Hardening Soil Small) has been
used. For these cases, the resulting outcomes have been highly accurate. The
correlations obtained for Hardening soil model compares the damage,
measured as the displacement of the crest, versus the spectral power, showing
a good fitting between both obtaining a R2 = 0.86 when the power content is
computed between 0 and 2.5Hz. On the other hand, it can be seen that
classical intensity measures like cumulative absolute velocity and Arias
intensity have a poor correlation with factors R2 lower than 0.15. When the
damage measure is done by means of the base displacement, good correlations
are also obtained.
If dynamic liquefaction is considered using PM4Sand model, correlations
obtained are almost perfect with R2 = 0.95 for a cumulative spectral power
between 0 and 2.0Hz. While the frequency windows increases, the fitting
between damage and the intensity measure starts to diverge. Similarly to the
Hardening soil small case, the worst correlations have been obtained for the
cumulative absolute velocity and the Arias intensity.
Some plots comparing our proposal for intensity measures and classical
intensity measures have been also presented, showing that the spectral power
approach is just a power filtering of classical approaches, being a generalization
of other well-known approaches. Summarizing, the paper has shown that the
spectral power criteria can be an accurate approach to select a reduced set of
seismic signals within a huge database, being a promising criteria to be used to
assess damage using numerical and/or analytical methods.
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Appendix A. Appendix
This appendix includes the seismic records used for all the simulations
presented in this paper, together with the spectrograms calculated to be used
to compute out intensity indicator. All of them has been downloaded from the
PEERS seismic database.
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Figure A.18: Time history acceleration for considered seismic records
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Figure A.19: Time history acceleration for considered seismic records
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Figure A.20: Sprectrograms for considered seismic records
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Figure A.21: Sprectrograms for considered seismic records
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